Introduction
Nanobiotechnology is a fast-growing interdisciplinary area where nanotechnology extends the tools and technology platforms for the investigation and transformation of biological systems and, in turn, biology contributes inspiring models and bioassembled components to nanotechnology. 1 It is a field with great potential for countries rich in biological diversity, such as India, whose biodiversity may be used as a key resource for biotechnological products and processes that are suitable for large-scale synthesis. 2 There is immense interest in the biomedical applications of nanoparticles (NPs) owing to their size and structural similarity to biological molecules. 3 Currently, the chemical methods widely used for NP synthesis have associated risks, such as chemical precursor contamination, solvent toxicity, and hazardous byproduct formation, which make alternative synthetic methods imperative. The promising alternative of "green chemistry" exploits the intricate biological pathways and biological
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Murugan et al resources of living systems, including bacteria, fungi, algae, viruses, plants, and plant extracts, for the bioproduction of NPs. 4 It has been suggested that to achieve NP synthesis, techniques employing natural reagents such as biodegradable polymers, microorganisms, plant extracts, and sugars and vitamins as reductants and capping agents would be attractive. 5 Though both plants and microbes are used for NP synthesis, plant extracts are preferable because of production advantages such as the lack of elaborate culture maintenance and the possibility of large-scale production. 6 Although the role of plant phytochemicals in nanostructure formation and causal chemical interactions is debatable, phytochemicals have been successfully used for the reduction of metals such as gold, silver, platinum, and zinc, and the subsequent synthesis of metallic NPs, 7 which have the ability to fulfill the application-oriented demands of biomedicine and industry. These biological approaches employing plant extract-mediated NP synthesis are also considered creditable alternative tools since they ensure biocompatible, nontoxic, and in vivo-applicable nanomaterials. 4 Moreover, the demand is increasing for bio-NP production via highly stable, eco-friendly processes with no toxic chemicals, even during large-scale production. 8 Hence, opportunities are still available for developing large-scale green processes and employing natural products in the emerging areas of nanotechnology where NPs have important applications. 5 Among the NPs exploited in nanomedicine, silver NPs (AgNPs) are very promising because of their unique properties. They exhibit high antimicrobial activity against Gram positive and negative bacteria, fungi, protozoa, and certain viruses. Recently, the antitumor activity of AgNPs against various cancerous cell lines was also reported. 9 Various new biomedical applications of AgNPs have been found, including diagnostic applicative biological tags and biosensors, as well as antibacterial agents in apparel, cosmetics, footwear, wound dressings, paints, and plastics, in addition to thermal, electrical, and optical applications. 10 Hence, a number of bio-inspired approaches employing plant extracts as bioreductants for the synthesis of AgNPs have been explored. The leaf extracts of plants such as neem (Azadirachta indica), rose geranium (Pelargonium graveolens), alfalfa (Medicago sativa), Aloe vera, Amla (Emblica officinalis), Acalypha indica, European Rowan (Sorbus aucuparia), camphor laurel (Cinnamomum camphora), 8 Polyalthia longifolia, Morinda citrifolia L., 9 and the stem and bark extracts of Cinnamon zeylanicum, 11 Indian Rosewood (Dalbergia sissoo Roxb.), 12 and Ocimum sanctum 2 have also been used for the synthesis of AgNPs.
As the antibacterial activity of medicinal plants becomes more recognized, an attempt is being made to establish the antibacterial activity of plant extracts used to synthesize NPs, and the combined effect of the metal and the plant extract. 8 Acacia leucophloea (Fabaceae) is a large, thorny, tropical and subtropical tree found in geographical areas including India, Sri Lanka, Pakistan, Nepal, Bangladesh, Indonesia, Myanmar, Thailand, and Vietnam. Normally, the tree attains a height of 35 m and a diameter of 100 cm at breast height. It has a white to yellowish-gray smooth bark, which exfoliates in long strips, causing blackening and roughening of the trees upon aging. The bark of the plant has great value in the Indian traditional medicine system. It is used as an antimicrobial, anthelmintic, expectorant, blood purifier, and as a treatment for diabetes, fever, dry cough, dysentery, gum bleeding, mouth ulcers, skin diseases (leprosy), and ulcers, as well as snakebite. The gum and bark decoction is used as an anticontraceptive and menstrual complaint regulator. 13 The aqueous extract of the tree contains phytochemicals such as amino acids, alkaloids, carbohydrates, flavonoids, glycosides, steroids, and tannins, whereas the ethanolic extract is found to contain amino acids, alkaloids, glycosides, flavonoids, tannins, and steroids. 14 The tree extracts have also been found to contain phytoconstituents such as n-hexacosanol, b-amyrin, b-sitosterol, and tannin as major compounds. The presence of these biogenic multifunctional molecules assists in the self-assembly and capping of the metal NPs formed, thereby allowing a measure of shape control during metal ion reduction. 2 For this reason, we synthesize AgNPs through a biomimetic route employing the bark extract of the readily available medicinal plant A. leucophloea, and investigate their antibacterial activity against common bacterial pathogens with the goal of biomedical applicative AgNP synthesis.
Materials and methods
Plant collection and extraction of their bioactive compounds
The stem barks of Acacia leucophloea were collected from the foot of the Kolli Hills (latitude 10°12′-11°7′ north; longitude 76°-77°17′ east), Namakkal, Tamil Nadu, India. The prepared herbarium of the same was submitted for authentication to Dr Saravanababu (Department of Botany, CN College, Erode, Tamil Nadu), who confirmed the identity of the same. The collected A. leucophloea stem barks were shade-dried for 10 days after the removal of adhered soil and after surface sterilization with sterilized distilled water, International Journal of Nanomedicine 2014:9 submit your manuscript | www.dovepress.com
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Biosynthesis of silver nanoparticles using Acacia leucophloea and were finally dried at 50°C in a hot-air oven for 6 hours. The dried stem barks were chopped into small pieces and powdered using a pulverizer, and the active compounds were extracted by a reflux method in a Soxhlet apparatus with water. The extraction was repeated until a colorless solvent appeared in the siphon tube. At this point, the extract was vacuum-dried and concentrated using a hot-air drier.
Biogenic synthesis of agNPs
The 1% A. leucophloea aqueous extract silver organosol was prepared with milli-Q deionized water (EMD Millipore, Billerica, MA, USA), incubated at 60°C for 5 minutes, 15 and used for the bioreduction of the silver nitrate (AgNO 3 ) starting material (Sigma-Aldrich Co., St Louis, MO, USA). About 5 mL of the organosol was added to 95 mL of 1 Mm aqueous AgNO 3 solution, and the mixture was heated gradually in a water bath at temperatures varying between 30°C and 95°C. The color shift from light yellow to dark brown was monitored as an indicator of metallic silver formation in the solution. It takes 1 hour and 10 minutes at 90°C for the development of this dark brown color and thereafter no color change was observed. Free entities were separated by repeated centrifugation of the brown organosol at 10,000 rpm for 20 minutes at 4°C.
characterization of agNPs Ultraviolet-visible (UV-Vis) spectroscopy
The bioreductive synthesis of AgNP was monitored using a Shimadzu UV-1601 PC scanning double beam UV-Vis spectrophotometer (Shimadzu Corporation, Kyoto, Japan). The UV-Vis spectra were recorded between 200-800 nm as a function of temperature for the bioreductive property of aqueous A. leucophloea extracts. The increase in 433 nmcentered strong resonance bands was noted. 16 
Fourier transform infrared (FTIr) spectroscopy
The surface free biomass residue or unbound extracts of the synthesized AgNPs were removed by washing them three times with distilled water. The AgNPs were then separated from the bulk by centrifugation at 10,000 rpm for 15 minutes, dried, and ground with potassium bromide (KBr) pellets, after which their infrared spectra were recorded via FTIR. The characteristic infrared (IR) absorption spectra of the different functional groups were recorded in the frequency range of 4,000-400 cm −1 using a Thermo Nicolet Nexus 670 FT-IR (Thermo Fisher Scientific, Waltham, MA, USA). The spectra were obtained by operating the same equipment in the diffuse reflectance mode at 4 cm −1 resolution. Likewise, the FTIR spectra of the KBr encapsulated dried powder of the control plant extract was also obtained. Reference blank KBr pellets were used for background correction.
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X-ray diffraction (XrD) analysis XRD patterns were recorded from a thin film of powdered AgNPs using a D8 X-ray diffractometer (Bruker Biosciences Corporation, Billerica, MA, USA) at a scan rate of 1 step/second. The powdered sample was irradiated with Cu-Kα radiation and the analysis was performed from 20°-90° (2θ) with a step size of 0.001°.
Transmission electron microscopy (TeM)
The bioreductive formation and existence of AgNPs was analyzed via TEM by placing a drop of the AgNP solution on carbon-coated TEM grids and air-drying. The images were captured using a high-resolution TEM (Philips TECH-NAI 10; FEI Co., Hillsboro, OR, USA). The NP sizes were measured from the TEM micrographs.
Determination of antibacterial activity Bacterial strains
The Determination of the antibacterial activity of the plant extracts and synthesized agNPs
The agar well diffusion method was used to determine the antibacterial activity of the aqueous A. leucophloea extract and of the NPs synthesized via the bioreductive ability of the extract. Briefly, the Mueller-Hinton agar ( HiMedia, Mumbai, India) plates were inoculated with 1 mL (1.0×10 7 colony-forming units) of 18-hour-young bacterial cultures by spread plating. After drying for 5 minutes, 5 mm diameter wells were made in the plates using a sterile borer. Then, 50 µL of various concentrations of A. leucophloea extracts (25-100 µL/0.1 mg mL −1 ) and the synthesized AgNPs (25 µL, 50 µL, 75 µL, and 100 µL) were introduced into the well, and the plates were incubated at 37°C for 24 hours. The aminoglycoside antibiotic streptomycin was used as a positive control. After incubation, bacterial growth inhibition was determined by measuring the diameter of the inhibitory zones around the wells in millimeters. The growth inhibitory assays were carried out in triplicate.
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The statistical significance of the antimicrobial activity results was determined using one-way analysis of variance (ANOVA; v 15; Minitab; Pennsylvania State University, University Park, PA, USA) via Student's t-tests. Statistically significant differences were determined using the Duncan's new multiple range test at P0.05. The graphs were analysed using Microcal Origin (v6.0; OriginLab, Corporation, Northampton, MA, USA).
Results
The A. leucophloea extract was used for the green-synthesis of AgNPs showing antibacterial action. Visual observation of the color change of the AgNO 3 solution/plant extract indicated the bioreductive formation of AgNPs. Blending AgNO 3 with A. leucophloea extract at a temperature of 90°C resulted in the formation of AgNO 3 NPs (AgNP), as indicated by a prominent color change to dark yellow-brown due to excitation of the AgNP surface plasmon vibration. It is well known that AgNPs exhibit a dark brown color in aqueous solution. The colorless AgNO 3 /extract solution initially changed to light yellow, and finally to a yellow-brown, indicating the formation of the AgNPs. This color change took place more rapidly at 90°C than at lower temperatures, including at room temperature. The color shift to dark yellowbrown took 1 hour and 10 minutes at 90°C, after which no color change took place. With decreasing temperature, the time taken for the same color change increased from 2 hours to 7 hours. The control AgNO 3 solution without plant extract did not show any color changes under a similar set of conditions. In addition, the bioreductive formation of AgNPs was ascertained by UV-Vis and FTIR, and by TEM analysis.
The formation and stability of AgNPs synthesized via A. leucophloea extracts were initially examined by UV-Vis analysis, which is an important technique used to monitor metal NPs in aqueous solution. The UV-Vis absorption spectra obtained were typical and revealed the bioreductive formation of AgNPs; the plots are shown in Figure 1 . A highintensity surface plasmon resonance band is seen at 433 nm, along with the synthesized AgNPs characteristic wavelength range. The large number of weak absorption peaks at shorter wavelengths reveals the presence of many participating organic compounds that can interact to reduce the silver ions.
The FTIR analysis of the synthesized AgNPs divulged the two-fold function of the A. leucophloea extract as a bioreductant whose biomolecules participate in the reduction of the Ag + ions, and as a capping agent that stabilizes Wave number (cm −1 ) % transmittance (au) 4 ,000 3,500 3,000 2,500 2,000 1,750 1,500 1,250 1,000 750 500 1/cm 
2435
Biosynthesis of silver nanoparticles using Acacia leucophloea
The XRD pattern of the AgNPs synthesized via A. leucophloea bark extract was compared and interpreted using standard data. The major peaks at 38°, 46°, 65°, and 78° (2θ values) correspond to the reflections from the (111), (200), (220), and (311) planes, respectively, and confirm the crystalline phase of the AgNPs. The polycrystalline nature of extract-synthesized AgNPs can be inferred from the fact that the XRD data suggest smaller crystallite sizes than the particle sizes observed in TEM images (Figure 3 
Discussion
Modern times have witnessed many potential biomedicinal applications of nanobiotechnology. NPs, for instance, have immense applications in the early diagnosis and management of diseases, including those caused by emerging multidrug-resistant pathogens. AgNPs have found wide usage in various industries and are known to inhibit a number of microorganisms. These AgNPs are employed widely in the manufacture of burn and wound infection-preventing ointments and creams. 18 Worldwide attempts have been made to increase their scope further with the synthesis of an NP that is free of toxic byproducts and is biocompatible. Currently, reports are available on the use of a variety of plants for AgNP 6, 19 The bioreduction that reduces metal ions into zero-valance metal NPs exploits the reducing ability of the different biochemicals, such as reducing sugars, proteins, terpenoids, and other phenolic compounds of the plant extracts. In addition, these bioreduction solutions also contain natural capping agents that hinder aggregation of the synthesized metal NPs and control the particle size. 20 The studies mentioned have been performed on leaf extracts, but available literature on the nanotechnological exploration of plant stem and barks are very few, though these phytochemicals are distributed throughout the plant. Among natural extracts, stem bark extracts have many advantages. For instance, stem bark collection does not destroy the parent plant. In addition, the multifunctional molecules present in stem barks reduce the metal ions and stabilize the newly formed zero-valence NPs, thereby requiring no additional reducing or stabilizing agents. 12 The bark of the thorny tropical and subtropical tree A. leucophloea is an important component in the Indian traditional medicine system, where it is used for various treatments, including wound care. 13 The extracts from this bark are found to contain various bioactive components 14 that not only scientifically validate their use in traditional medicine, but also the study of their participation in self-assembling and capping metal NPs. 2 Hence, employing the medicinal plant A. leucophloea extract to biosynthesize AgNPs in this 
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Biosynthesis of silver nanoparticles using Acacia leucophloea work may pave the way to increase the therapeutic value of this traditional medicinal plant. 3 The visually observed color change from dark brown to yellowish brown during the bioreductive AgNP formation upon adding A. leucophloea extract may be due to the reduction of silver ions. 15 The UV-Vis spectroscopy measurements of the bioreductive formation of AgNPs via reduction during the addition of A. leucophloea reveals a weak surface plasmon resonance from the leaf extract centered at 359 nm, and a peak characteristic of AgNPs at 433 nm. Mondal et al 18 made similar observations while synthesizing AgNPs using extracts of various medicinal plants. However, other studies showed a peak at 240 nm while conducting extract-mediated AgNP synthesis, namely from extracts of Nicotiana tabacum, 21 Ocimum, 17 Allium cepa, 16 Boswellia ovalifoliolata, and Shorea tumbuggaia. 22 The plant biomolecules comprising the differently shaped polyol and water-soluble heterocyclic components are known for their protective and reductive activity, and are primarily accountable for the reduction of silver and gold ions using chemical and radiation methods. 23 The FTIR analysis of AgNPs bioreduced via A. leucophloea confirms the capping of synthesized NPs by A. leucophloea biomolecules. Various reports are available on the stabilization and capping of NPs synthesized via plant extract mediation. Many plant phytochemicals, such as quercetin, terpenoids, verbascoside, 3 saponins, phenolic compounds, and quinines, 23 are known as capping and stabilizing agents of AgNPs. Therefore, we conclude that the aldehyde/ketone, aromatic, azo, and nitro compounds of the A. leucophloea extract participate in the bioreduction and stabilization of AgNPs by coating them, thereby hindering agglomeration.
The TEM images show that the phytosynthesized AgNPs have sizes ranging from 11-29 nm and are largely spherical in shape. The images also show that the AgNPs do not aggregate and are mostly dispersed, thereby confirming the NP-stabilizing nature of the A. leucophloea extracts. The TEM images also reveal that the AgNPs are embedded in a dense matrix, confirming the capping and stabilizing components of the A. leucophloea extract. The antibacterial activity measured also indicates the potentiation of the antibacterial activity of A. leucophloea AgNPs. Currently, AgNPs showing inhibitory activities toward several microorganisms are widely employed in the pharmaceutical industry. These NPs find extensive use in balms and ointments to prevent burn and wound infections. Earlier reports on the use of AgNPs as potential antifungal, antibacterial, and antiviral agents are also available. 24 Indeed, the antimicrobial activities of silver ions and compounds have been historically recognized. Silver have found extensive and varied applications, from medical devices and home appliance disinfection to water treatment because of their high microbicidal action against various species. 25 Upon treatment with silver ions, microorganisms' activities such as DNA replication and ribosomal subunit protein expression fail, along with the inactivation of other cellular proteins and enzymes necessary for adenosine triphosphate synthesis. Thus, these polydisperse AgNP particles green-synthesized via A. leucophloea extract can readily be used in many applications that do not require a high uniformity in particle size or shape.
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Conclusion
The unique physicochemical characteristics of AgNPs are believed to have increased medical applications when synthesized via environmentally benign methods free of toxic byproducts. The measured antibacterial activity of the green-synthesized AgNPs via A. leucophloea extracts clearly demonstrates the enhanced activity of these NPs against several pathogenic bacteria. This opens the possibility of various applications for these NPs of producing effective antibacterial agents for the management of emerging multidrug-resistant pathogenic bacteria. In addition, the synergistic combination of biocompatible medicinal plants with AgNPs may open new applications in medicine for therapeutic management of organisms that have developed resistance to current antibiotics. Further, the bark of trees found to possess comparatively more bioreductive phytochemicals can be considered good candidates for nanotechnological application investigation.
